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Abstract 
It is difficult to quantitatively determine the surface condition of the lens mold in the lens fabrication process. In this 
study, we develop an automated light scattering measurement system, which enables the scattered light pattern from 
the lens mold to be distinguished using angle-resolved scattering with an intensity pattern matching method. It is 
found that various defects on the lens mold can categorize and determine their surface-specific parameters. Both the 
scattering angle and scattering intensity distribution is analyzed, and the scattering pattern is categorized by pattern 
matching for specific shapes such as fan, line, and diffraction patterns.  
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1. Introduction  
There is strong demand for a non-invasive inspection technique for glass lens mold surfaces. Glass 
lenses are formed from an injection lens mold made of hard metal with a surface coating [1]. The lens 
surface is strongly influenced by the lens mold surface condition. At the initial step of the molding 
process, the lens mold typically has a surface roughness of better than 10 nm Rq with a form accuracy of 
better than 100 nm P-V. During the repetitive molding procedure, surface defects appear on the mold 
surface due to the molding process. In order to retain the quality of the lens surface, we need to maintain 
the lens mold surface condition during the molding process. A qualitative visual check is generally 
conducted to estimate the surface texture of the lens mold. However, flaws in the lens mold cannot be 
easily determined on the basis of a qualitative visual check. In order to improve the lens surface quality 
during the lens molding process, it is necessary to establish a non-invasive quantitative evaluation method 
to classify and quantify the mold surface defects. 
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In this paper, we propose a scattered light pattern method that is able to evaluate various kinds of 
surface texture on a small-lens mold quantifiably. We call this “total angle-resolved scattering” (T-ARS). 
In order to investigate the basic scattered characteristics from the lens mold surface, we carry out 
scattered light measurements using a surface-coated lens mold for the specific defects. 
2. Concept 
The light scattering method is widely used to characterize the surface texture, such as surface 
roughness and defects, in the semiconductor, optical, and data storage industries [2]. When light is 
scattered on the surface, its polarization, as well as its scattering intensity and direction, is changed. T-
ARS is developed to clarify micro- and nano-textures on the lens mold based on the light scattering 
signal. The light scattering signal is recorded as the scattering pattern. The scattering pattern can be 
detected using the scattering light measurement system when the lens mold is irradiated at a small spot by 
a laser with sufficient coherent length. The scattering pattern is recorded as the angle-resolved scattering 
light intensity.  
Figure 1 shows an automated scattered light measurement system [3], which utilizes an Ar+ laser 
(wavelength: 488 nm) as an illumination source, and a highly sensitive photomultiplier tube (PMT) for 
detecting scattered light intensity. The system consists of two main units. One is a measurement unit, 
which is made up of an illuminator, detector, sample stage, and microscope. The illuminator introduces 
the laser source through coupled optical fiber, and changes its incidence angle using the rotation stage 
(R3). The detector, which mounts the PMT, changes its detection angle using the two rotation stages (R1, 
R2). The control unit also samples the detected scattered light intensity at the desired location using a 
trigger signal generated by the stage controller.  
The illuminator is coupled to an optical fiber that introduces the laser light, and the polarization state 
of the laser can be adjusted by setting the retardation plates (λ/2, λ/4). This measurement system is 
equipped with three computer controlled rotation stages (R1, R2, and R3); R3 changes the incidence 
angle from 0° to 90° (θi), and the other two stages (R1 and R2) rotate the detector unit in the θs and φs 
directions, respectively. The scattered light distribution from a defect can be measured by rotating these 
two stages continuously. The sample stage consists of a θ, tilt, Z, and XY stage. Operation of the system 
is computer-controlled and automated, as shown in Fig. 1(b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 (a) Schematic diagram of the ASLMS; (b) Measurement procedure of angle-resolved scattering 
pattern 
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Figure 2 shows the coordinate system used to determine the scattering angle. The incidence and polar 
scattering angles, θi and θs, are defined with respect to the direction normal to the sample, corresponding 
to the Z-axis, and the azimuthal scattering angle φs is defined with respect to the plane of incidence 
corresponding to the X-axis. The φs-axis shows the orthogonal direction of the reflection. The azimuthal 
angle is defined based on the φs-axis, with the left-handed direction as positive. The polar angle is defined 
as θs in the plane perpendicular to the azimuthal angles. Figure 3 shows a typical scattering pattern. The 
radial position (φs, θs) gives the azimuthal and polar angles of the scattered light, respectively. The 
azimuthal angle shows the horizontal direction of the scattered light, while the polar angle is the vertical 
angle of the scattered light. The color map shows the intensity of the scattered light at the detected angle, 
and the scattering intensity is expressed by using the color map. The scattering intensity is either 
transferred directly into the color index, or is transferred into its logarithm and then into the color index. 
  
 
 
 
 
 
 
 
 
         Fig. 2 Coordinate system            Fig. 3 Angle-resolved scattering pattern 
3.  Experimental results 
The total angle-resolved pattern is useful for quantitatively determining the defects on the lens mold. 
In order to verify the feasibility of detecting nano-scratches on the lens mold, which is one of the typical 
defects suffered during the injection and molding procedure, we prepare a flat surface sample with two 
nano-scratches, as shown in Fig. 4. These scratches are crossed at an angle of 35°. The surface roughness 
of the plane sample is about 5.7 nm Rq, and we denote the two scratches as S1 and S2. The depth of S1 is 
24 nm and its width is 625 nm. In detecting the nano-scratches, a total angle-resolved pattern with two 
straight lines was acquired, as shown in Fig. 5. The area inside the dotted circle was removed due to 
interference between the incident light unit and the detector unit. The square dotted area was removed to 
exclude the normal reflection of the incident light. The two line patterns correspond to S1 and S2. The 
scattering light is considered to spread at a wide range of angles at particular directions that are 
perpendicular to the length of the scratches. The length of the line pattern corresponds to the depth of the 
scratch. 
  
   
 
 
 
 
 
 
 
Fig. 4 Nano-scratches on the flat surface   Fig. 5 Total angle-resolved pattern for the 
                                                                                                          nano-scratch defects 
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The scratches cause specific scattering patterns in the direction perpendicular to the length dimension 
of the scratches. From the above-mentioned results, a typical three-dimensional scattered light 
distribution can determine the defects of the scratches on the mold surface. A scattering pattern with a 
linear distribution indicates the existence of a scratch defect, which lies in a direction perpendicular to the 
linear distribution of the scattering pattern. 
We then evaluated a spherical lens mold surface by varying the shot number of the lens mold. The 
mold has a curvature radius of 10.5 mm and an initial surface roughness of 3.0 nm RMS. Figure 6 shows 
the surface roughness of the lens mold. The surface roughness is measured using a white-light 
interferometer (NewView 200HR, Zygo Corp.). The surface roughness is in the range of 3.0–5.0 nm 
RMS during a period in which the lens shot is repeated 120 times. Figure 7 shows the initial surface 
texture of the lens mold (i.e., 0 shots) and the surface texture after 80 shots of molding. The size of the 
measured area is 150 µm in the horizontal and 120 µm in the vertical direction. It can be seen that the lens 
surfaces have almost the same characteristics in terms of surface roughness and scratches.  
 
 
 
 
 
 
 
 
 
 
Fig. 6 Surface roughness evaluation for the spherical lens mold using 
a white-light interferometer (NewView 200HR, Zygo Corp.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                (a)                                                                               (b) 
Fig. 7 White-light interferometer results of the lens mold: (a) 0 shots, (b) 80 shots 
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Fig. 8 Total angle-resolved pattern for the lens mold surface by varying the shot number 
 
In this case, we performed the surface texture evaluation using the T-ARS method. Figure 8 shows the 
T-ARS patterns after the lens shots. Every pattern shows a similar shape and intensity distribution, except 
for the 80-shot pattern. In this case, the line pattern overlaps with the scattering pattern, which is similar 
to other scattering patterns. This indicates that the nano-scratch is included in the measured area of the 
80-shot pattern. 
4. Discussion 
Based on the surface monitoring results using the white-light interferometer, the mold surface texture 
maintains a similar texture to the initial condition as the shot number increases from 0 to 120. However, 
in the 80-shot case, a line pattern appears on the scattered pattern. By comparing the surface texture after 
80 shots with the initial condition (0 shots) as shown in Fig. 7, we can see that both surfaces have almost 
the same texture, which includes nano-scratches and a surface roughness of 3.0 nm RMS. Thus, the 
difference is brought about by the position of the illumination. Compared to the white-light interferometry, 
the total angle-resolved method is sensitive to the local characteristics of the surface texture. This means 
that specific changes in the surface texture are emphasized, and this is useful for detecting specific defects, 
which decrease the lifetime of the lens mold. 
5. Conclusion 
We suggested a T-ARS method to detect specific defects such as scratches and pits on lens molds. A 
fundamental experiment was performed to verify the feasibility of detecting nano-scratches using the 
scattering method. The specific pattern due to the nano-scratches is confirmed, and it is possible to 
distinguish the depth and direction of the nano-scratch from the length and direction of the line pattern, 
respectively. 
Based on the TIS model [4, 5], we investigated a method to estimate the surface roughness of the lens 
mold from the non-directional patterns [6] after a number of shots both 60 and 120 shots. Using the 
pattern recognition and the surface roughness estimation based on the TIS model, it is possible to check 
both the global surface condition by evaluating the surface roughness based on the TIS model and the 
local surface condition by simultaneously monitoring the pattern shapes. 
 We consider it useful to evaluate both the surface roughness and the density of the local defect 
quantitatively when we judge the lifetime of the lens mold. Furthermore, we will attempt to determine the 
thickness of the surface coating from its relation with the reflection ratio. 
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